The far-infrared portion of the electromagnetic spectrum corresponds to wavelengths from approximately 12 to 1000 lm with photon energies in the range of 1.2-100 meV. Light at the short-wavelength end of this broad segment of the spectrum (12-100 lm) is of potential interest for explosives detection, 1 chemical and biological spectroscopy, 2, 3 and astrophysics applications. However, there is a near absence of optical and optoelectronic components across a broad range of these farinfrared wavelengths (20-60 lm), due to strong phonon absorption in most traditional infrared (IR) and terahertz (THz) optical material systems. As an example, quantum cascade lasers (QCLs), excellent mid-infrared (mid-IR) sources, and increasingly viable THz sources are limited in performance between these two wavelength ranges. At longer mid-IR and shorter THz wavelengths, QCL performance drops off rapidly, due to not only increasing free-carrier absorption but also most importantly the energetic proximity of the QCLs' emission to the III-V materials' phonon absorption band (20-60 lm). 4, 5 This material-specific absorption band is often referred to as the material's Reststrahlen band. Here, we will extend this nomenclature to refer to the entire wavelength range from $20 to 60 lm, where phonon absorption dominates the optical response of most optical materials. For this reason, the Reststrahlen band can be viewed as an "optical desert" devoid of optical and optoelectronic components, or alternatively, as a frontier, where new approaches to light control and manipulation may find purchase and allow for exploration of a frequently overlooked wavelength range. For sources, overcoming the phonon-related losses in the Reststrahlen band by increasing the gain of mid-IR laser structures would be a monumental achievement and difficult to envision with current material systems. Alternatively, one might consider the possibility of leveraging these material losses to generate long-wavelength, Reststrahlen-band light by manipulation of the materials' thermal emission profile.
Conventional thermal blackbody sources emit radiation at these long wavelengths but the emission is weak, broadband, and isotropic. However, spectral control of thermal emission can be achieved by the utilization of materials and surfaces with designed absorption resonances. These absorption resonances, by Kirchhoff's Law [e k ð Þ ¼ 1 À aðkÞ], will translate to spectrally selective thermal emission upon heating of the materials' emitting surface. Efforts to modify the IR absorptivity, and thus emissivity, of materials via patterned or layered surfaces or periodically engineered solids have been the focus of research efforts for many years. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Demonstrations of strong absorption or the equivalent selective thermal emission utilize a broad range of designs, absorbing incident light (or thermally emitting light) via coupling to photonic crystals, 6 ,7,9,20 localized 12 and propagating surface plasmons, 6, 13, 15 metamaterial structures, 14, 17 antennas, 16 or even unusual waveguide modes, 21 all sharing the potential ability to leverage the inherent losses associated with plasmonic, meta-, or composite materials for the purpose of thermal light emission.
Many of the above absorption mechanisms rely on the coupling of light, in some form, to free-carriers in metallic surfaces or metallic constituents of composite materials. Here, the optical response of the free carriers in the metal gives a negative real part of the metal permittivity ( 0 m < 0Þ, and can be modeled across a wide frequency range using the Drude formalism. Negative permittivity can also be achieved in dielectric materials with few or no free carriers by excitation of lattice vibrations (phonons), resulting in a permittivity that can be negative over a finite spectral region. For incident light, the origin of a material's optical response is effectively irrelevant. For instance, materials with negative permittivity resulting from free carriers can support propagating bound modes, typically, referred to as surface plasmon polaritons (SPPs), which are solutions to Maxwell's equations for a propagating mode at a metal/dielectric interface. Similarly, a polar dielectric with a phonon resonance can support propagating bound modes, typically, referred to as surface phonon polaritons (SPhPs), solutions to the same 
In order to couple to these propagating modes, the momentum mismatch between incident light and the SPP(SPhP) can be made up by patterning a grating onto the materials' interface, which results in the momentum matching vector equation of Eq. (1b), with k ph is the incident photon wavevector, K is the grating periodicity, h is the angle of incidence (from normal), and m is an integer. The coordinate system used in Eq. (1b) correlates to the schematics shown in Figures 1(a) and 1(b). Much of the proposed and demonstrated phenomena utilizing phonon resonances for negative permittivity have focused on SiC, [22] [23] [24] [25] [26] [27] [28] [29] a strongly polar material with high-energy phonon resonances in the 10.6-12 lm wavelength range. 30 Examples of SiC-based optical phenomena include enhanced near-field light-matter interaction, 23 superlensing, 24 mid-IR perfect absorption, 26 and extraordinary optical transmission and absorption in perforated SiC membranes. 27 In addition, patterned SiC has been used to demonstrate spectrally selective "coherent" emission resulting from thermally excited SPhPs outcoupling to free space via patterned gratings at an angle that depends on the wavevector of the SPhP; 22 the resulting emission is directional and quasi-monochromatic within a small angular window. Additional work exploring surface phonon polaritons has been carried out using GaAs [31] [32] [33] [34] and in early work using GaP, 35, 36 which each also exhibit strong phonon resonances in their respective Reststrahlen-bands.
The majority of surface-phonon based phenomena have been investigated on SiC surfaces in large part because the high-energy phonons of SiC lie in the mid-IR and are thus accessible using standard IR sources, detectors, and optics. work, we investigate coupling of free-space radiation to SPhPs on patterned GaP wafers and subsequently demonstrate the potential for GaP as a far-infrared source at $26 lm with quasi-monochromatic directed emission.
The GaP gratings were fabricated using a wet etch process using a patterned SiO x etch mask. The samples were wet etched in a solution of hydrochloric acid, hydrogen peroxide, and deionized water [HCl:H 2 O 2 :H 2 O (3:3:1)], with 100 ll of 50 mM sodium dodecyl sulfate solution to improve the uniformity of the etch process. The lateral profile of the etched GaP was measured by surface profilometry and cross-sectional scanning electron microscopy (XSEM).
Reflection spectra were measured with a Bruker V80v Fourier Transform Infrared (FTIR) vacuum spectrometer using an internal room-temperature pyroelectric deuterated triglycine sulfate (DTGS) far-infrared detector. The experiment used a PIKE Technologies 10Spec specular reflection accessory, giving reflection spectra at a 10 angle of incidence within the vacuum sample compartment, thus minimizing effects of atmospheric absorption. Reflection spectra were measured in two orientations, shown schematically in Figures 1(a) and 1(b) and a KRS-5 far-IR beam-splitter was used to select the polarization of the incident light. SPhPs can only be excited by incident light with a component of the electric field perpendicular to the grating ridges, thus only one polarization in each configuration can excite the SPhPs. In Fig. 1(a) , only the TEpolarized incident light (where the incident electric field is always parallel to the sample surface) couples to SPhPs, while in Figure 1(b) it is the TM-polarized light (where magnetic field is always parallel to the sample surface), which couples to SPhPs. We refer to the sample orientations shown in Figs. 1(a) and 1(b) as "TE" and "TM," respectively. All reflection data were normalized to reflection off of a gold mirror.
Polarized thermal emission spectra were measured by mounting the samples on a hot-plate held at 473 K and coupling the emitted light, through the far-IR polarizer, into the FTIR via a parabolic focusing mirror. The emitted thermal radiation was spatially filtered with a vertical slit aperture providing acceptance angles between 67:5 and collected with a gold parabolic mirror. Background thermal emission spectra were taken from a covered input port of the FTIR and subtracted from the thermal emission spectra. The spectra were then normalized to emission from an Omega BB703 calibrated blackbody source operating at the same temperature (473 K).
The GaP permittivity was modeled using the method developed in Ref. 37 and is shown in Figure 1(c) . Minor adjustments to the published fitting parameters (for the spectral position of the primary resonance) were made to align the rising edge of the modeled reflection (at $400 cm À1 ) with our experimental data. Using this modeled permittivity, the reflectivity from a flat GaP surface was calculated for TEand TM-polarized light at a 10 angle of incidence. The calculated and experimental reflection spectra (TM-polarized) are shown in Fig. 1(d) and agree well, though the experimental reflection somewhat overestimates the predicted reflection in the highly dispersion region of the GaP permittivity, perhaps a result of either (i) imperfect reflection from the Au mirror used to normalize the spectra or alternatively (ii) the difficulty in fitting the highly dispersive portion of the GaP permittivity. Reflection spectra from the GaP samples for both the TE and TM sample orientations are shown in the patterned samples are attributed to coupling into SPhP modes. Figure 2 also shows simulated polarized reflection calculated using finite element methods (FEM) from patterned GaP surfaces for both sample orientations [2(b)-TE, 2(d)-TM], using the commercial FEM package COMSOL Multiphysics. The surface profile of the patterned samples, determined by surface profilometry, were imported into our FEM model, while the GaP permittivity used is that shown in Fig. 1(c) . FEM models were verified using rigorous coupled wave analysis (RCWA, not shown), which replicates both the experimental and FEM data. Sharp dips in reflection occur at wavelengths corresponding to coupling to SPhP modes. The inset of Fig. 2(b) shows the magnetic field at resonance for a sample with K ¼ 20 lm for the TE orientation, and bears all the hallmarks of a bound surface electromagnetic mode. It can be seen that the depth of the reflection dips in our simulations are somewhat stronger than our experimental dips. We attribute this discrepancy to both fabrication imperfections (i.e., variation in etch depth, etched surface roughness) and experimental factors (imperfect incident beam collimation and/or Au background normalization). The modeled coupling frequencies, and relative coupling strengths, closely resemble those observed experimentally. Stronger dips in reflection are observed, both experimentally and in simulations, for gratings with K < 25 lm, where no diffraction of the incident light is possible. For absorption resonances farther from the GaP phonon resonance (in the less-dispersive portion of the GaP permittivity), we see agreement in the spectral position of our resonances to within $1 cm À1 between model and experiment. However, for resonances occurring in the more highly dispersive region of the GaP permittivity, we observe a larger discrepancy between model and experiment, both in spectral position ($5 cm À1 Þ and intensity. Such a discrepancy could be an indication again, of the difficulty in accurately modeling the GaP permittivity closer to the phonon resonance. In addition, this discrepancy could also result from the greater sensitivity of our response, in this frequency region, to even slight changes in beam collimation, incidence angle, or sample position.
Using Eq. (1a) and the permittivity from Fig. 1(c) , we calculated the dispersion relation for SPhPs on a flat GaP substrate. By tabulating the experimental reflection dips, and then using Eq. (1b), assigning an index (m) to each dip, we generate a series of points relating the SPhP coupling frequency to the SPhP wavevector. The results are plotted in Figure 3 and the color-coded lines represent the magnitude of the photonþgrating momenta, jk ph x ð Þsin hx þ 2pm=Kðx orŷÞj, for the given angle of incidence and grating period, in effect, graphically reproducing Eqs. (1a) and (1b). Our experimental data largely lie on the calculated GaP dispersion, suggesting the reflection dips observed experimentally are evidence for coupling to GaP SPhPs.
Finally, we measured the polarized thermal emission from a flat GaP surface and multiple patterned GaP samples. Figure 4 shows both the thermal emission and the reflection (polarized for the electric field perpendicular to the gratings) from four of the samples studied in this work. Selective thermal emission is observed from GaP samples with grating periodicities of K ¼ 20 and 25 lm, with relative intensities similar to the relative intensities of these samples' reflection dips. The flat GaP and K ¼ 30 lm samples show little to no thermal emission in this wavelength range, as would be expected from their reflection spectra, which show no (or weak) dips from SPhP coupling. A shift in wavelength is observed between the thermal emission peak and reflection dip for each sample and is attributed to a shift in the GaP permittivity with temperature. [38] [39] [40] While small ($3:5 cm À1 ) for the K ¼ 20 lm sample, this shifts grows larger ð$ 7:5 cm À1 Þ for the K ¼ 25 lm sample, whose coupling resonance lies in the highly dispersive portion of the GaP permittivity, again indicating the sensitivity of the resonance (to experimental and material changes) in this range of the Reststrahlen band.
In conclusion, we have demonstrated excitation of SPhPs on patterned GaP surfaces in the far-infrared (k o > 25) Reststrahlen band. Samples were characterized by far-infrared reflection spectroscopy and modeled using finite element methods. The SPhP dispersion curve was extracted from the experimental reflection measurements and agrees well with the modeled and simulated SPhP dispersion. Selective emission via outcoupling of thermally excited SPhPs was also demonstrated for the patterned samples. Leveraging of surface phonon modes for manipulation and generation of light at far-IR frequencies suggests the possibility of phonon-based architectures for optical components at Reststrahlen band frequencies. 
